Mammalian sperm gain their ability to fertilize the egg during transit through the epididymis and by interacting with proteins secreted by the epididymal epithelial cells. Certain members of the CRISP (cysteine-rich secretory protein) family form the major protein constituent of the luminal fluid in the mammalian epididymis. CRISP4 is the newest member of the CRISP family expressed predominantly in the epididymis. Its structure and expression pattern suggest a role in sperm maturation and/or sperm-egg interaction. To study the relevance of CRISP4 in reproduction, we have generated a Crisp4 iCre knock-in mouse model through insertion of the iCre recombinase coding cDNA into the Crisp4 locus. This allows using the mouse line both as a Crisp4 deficient model and as an epididymis-specific iCreexpressing mouse line applicable for the generation of conditional, epididymis-specific knockout mice. We show that the loss of CRISP4 leads to a deficiency of the spermatozoa to undergo progesterone-induced acrosome reaction and to a decreased fertilizing ability of the sperm in the in vitro fertilization conditions, although the mice remain fully fertile in normal mating. However, removal of the egg zona pellucida returned the fertilization potential of the CRISP4-deficient spermatozoa, and accordingly we detected a reduced number of Crisp4-deficient spermatozoa bound to oocytes as compared with the wild-type spermatozoa. We also demonstrate that iCre recombinase is expressed in a pattern similar to endogenous Crisp4 and is able to initiate the recombination event with its target sequences in vivo.
INTRODUCTION
Crisp genes have been identified in several mammalian species, including the mouse, rat, human, horse, and boar (reviewed in Gibbs et al. [1] ), sharing a 40-80% identity at protein level. Their expression is dependent on androgens, and they are, with the exception of Crisp3, expressed predominantly in the male mammalian reproductive tract [2] [3] [4] [5] [6] . Mouse is the only species with four known Crisp genes (Crisp1-4), other species having only three or fewer, and current predictions for orthologs, in particular regarding human, mouse, and rat Crisp1 and Crisp4, still partly remain ambiguous.
The rat (r) Crisp1 is expressed predominantly in the epididymis, and the protein, originally named as protein D/E and AEG, is a major component of the luminal fluid, where it interacts with sperm [2, 7, 8] . Specifically, rat CRISP1 has been shown to bind to the dorsal region of sperm head, from where it subsequently migrates to the equatorial segment after capacitation [9] , thereby mediating sperm-egg fusion [10] . Mouse (m) CRISP1 has additionally been associated with sperm-zona pellucida (ZP) interaction [11, 12] . Mouse CRISP2 (also known as Tpx-1) has also been shown to be involved in sperm-egg fusion [13] , and the protein localizes to the sperm acrosome and tail in the rat, human, and guinea pig [14] [15] [16] [17] [18] . In addition, mouse Crisp2 is highly expressed in haploid testicular germ cells [3, 19] , and rat CRISP2 has been shown to be partly responsible for the adhesion of spermatogenic cells and Sertoli cells [20] . Crisp3 is expressed in several mouse and human tissues with the highest levels in salivary gland [21] [22] [23] . CRISP3 has also been detected in the human seminal plasma, but its role is still unknown [24] .
Crisp4 is expressed predominantly in the mouse and rat epididymis, and the protein has been detected as a soluble form in luminal fluid, in epididymosomes, and bound to the sperm [5, 6, 25] . In addition, low levels of mRNA and protein expression have been detected in several other tissues, including the seminal vesicles, thymus, spleen, and skeletal muscle [6, 25] . Sequence identities have suggested that mouse Crisp4 is the ortholog of human (h) CRISP1, and thus both mouse CRISP1 and mouse CRISP4 may be functional orthologs of human CRISP1 [5, 6] . Both human CRISP1 and mouse CRISP1 have been shown to participate in sperm-egg binding and fusion events [11, 12, 26, 27] . Thus, the involvement of mouse CRISP4 in these processes is also likely, although no functional data supporting this are currently available.
Although the CRISP proteins have also been found outside the reproductive tract [23, 25, 28] , they are thought to be mainly involved in different stages of the male gamete development and fertilization (for a review, see Cohen et al. [29] ). However, the exact molecular mechanisms through which they function in gamete interactions are still unknown.
The CRISP proteins have two functional domains, that is, the N-terminal PR-1 (plant pathogenesis-related domain 1) and the C-terminal CRD (cysteine-rich domain) with absolutely conserved distribution of 10 cysteine residues [5, 21, [30] [31] [32] . Based on these conserved structures, CRISPs have been classified to the CAP (cysteine-rich secretory proteins, antigen 5, and pathogenesis-related 1) superfamily of proteins [1, 22, 33] . Members of this superfamily can be identified in a wide variety of archaeal, bacterial and eukaryotic species (reviewed in Gibbs et al. [1] ), and many of them have been suggested to participate in nonspecific host defense, although the evidence for this is inconclusive [1, 23] . They are also found in several insect and snake venoms, where they have been shown to regulate ion-channel activities (for a review, see Gibbs and O'Bryan [34] ). Recently, a similar function has been revealed for mouse CRISP2, providing the first indication for a molecular mechanism possibly mediating the actions of CRISP proteins during gamete interactions [35] .
Because of their predominant and high expression in the male reproductive tract, together with the data indicating their role in sperm maturation and fertilization, the CRISP proteins have been considered good candidates for drug targets for nonhormonal male contraception (for a review, see Sipila et al. [36] ). Although blocking of CRISP1 binding sites on sperm and eggs prevented fertilization in vitro [10] , the Crisp1 KO mice were fertile [12] , suggesting functional redundancy in the CRISP family. Since considerable structural and possibly functional similarities exist between mouse CRISP1 and CRISP4, we have studied the role of the latter protein in sperm maturation, fertilization, and gamete interactions in a Crisp4 knock-in (KI) mouse model. By inserting the iCre recombinase coding gene under the regulation of the Crisp4 promoter, we have created a dual-purpose mouse model that can also be used as a tool to delete floxed alleles in the epididymis.
MATERIALS AND METHODS

Generation of the Crisp4 iCre KI Mice
The BAC clone (REG_B124E06368Q2) containing the Crisp4 locus was purchased from RZPD German Resource Center for Genome Research (ImaGenes GmbH, Berlin, Germany). An iCre-neomycin phosphotransferase (neo r ) KI cassette was targeted to the third exon of Crisp4, causing a deletion leading to transcription frameshift disrupting the gene and leading to expression of the iCre encoding the improved Cre-recombinase [37, 38] . Thus, the homozygous mouse line generated serves as a Crisp4-deficient model and the heterozygous (HE) mice serve as an iCre-expressing deletor mouse line. The targeting vector was subcloned to pACYC177 minimal backbone vector, along with 1.7 kbp 5 0 and 8.3 kbp 3 0 long homology arms (Fig. 1) . The cloning was performed using the Red/ET recombination technology [39] [40] [41] , and all primer sequences used in cloning are available on request.
The targeting construct was linearized with PvuI restriction endonuclease (Promega, Madison, WI) and electroporated with 500 lF, 230 V, into AB2.2 embryonic stem (ES) cells, derived from 129/Sv/Ev mice (Lexicon Genetics, Houston, TX). After electroporation, the cells were cultured in the presence of geneticin (G-418, 350 lg/ml; Gibco, Invitrogen, Carlsbad, CA) for 8 days, and the antibiotic resistant colonies were picked, expanded, and stored at À708C.
The clones were screened for homologous recombination by positive PCR over the 1.7 kbp 5 0 -homology arm. The primers used for screening were F1 and R1 ( Fig. 1 and Table 1) , and the PCR conditions were 948C for 3 min followed by 948C for 30 sec, 558C for 30 sec, 728C for 2 min for 40 cycles, and a final extension at 728C for 10 min. The correct targeting was further confirmed by PCR over the 8.3 kbp 3 0 -homology arm using Expand Long Template PCR System (Roche Applied Science, Basel, Switzerland) with primers F2 and R2 ( Fig. 1 and Table 1) , and the PCR conditions were 948C for 5 min followed by 948C for 30 sec, 558C for 30 sec, 688C for 9 min for 40 cycles, and a final extension at 728C for 10 min. Finally, the PCR products were sequenced to ascertain correct recombination (data not shown).
Chimeric mice were generated by injecting a correctly targeted ES cell clone into C57BL/6N blastocysts. Chimeric males were bred with C57BL/6N females to obtain HE mice that were further bred with each other to obtain homozygous Crisp4-deficient iCre KI mice (Crisp4 KI). The mice were genotyped by PCR using primers F3 and R3 for the wild-type (WT; 948C for 30 sec, 548C for 30 sec, 728C for 45 sec for 35 cycles) and F4 and R4 for the targeted allele (948C for 30 sec, 608C for 30 sec, 728C for 45 sec for 30 cycles; Fig. 1 and Table 1 ). Absence of Crisp4 mRNA from the KI mice was confirmed by extracting RNA from the adult caput epididymidis followed by RT-PCR using primers F5 and R5 ( Fig. 1 and Table 1 ). 
TURUNEN ET AL.
Characterization of iCre Function In Vivo
To study the ability of iCre-induced recombination in vivo, the Crisp4 KI mice were bred with the Cre recombinase excision reporter mouse line Z/RED [42] . Recombination is initiated in cells expressing iCre under the Crisp4 promoter, resulting in transcriptional activation of DsRed-T3, a gene coding for a red fluorescent protein. The epididymis, testis, vas deferens, lung, brain, spleen, skeletal muscle, seminal vesicles, and thymus were collected from adult male and female Crisp4
þ mice, and red fluorescence emission was assessed under fluorescent stereomicroscope or confocal microscope. Mice with a floxed Runx1 allele [43] were also used as an additional reporter to confirm Cre activity in the Crisp4 KI mice. The epididymides were collected from 17-, 20-, 30-, and 40-day-old Crisp4
þ/fl mice, and the recombination of the floxed Runx1 allele was determined by PCR from genomic DNA. Other tissues with reported Crisp4 or detected iCre expression were also analyzed for recombination of the floxed Runx1 allele at the age of 40 days.
Histological Analyses
Three-and 9-mo-old male WT and KI mice were anesthesized by an i.p. injection of 400-600 ll 2.5% Avertin (2-2-2 tribromoethanol), and blood was collected by cardiac puncture. Testes and epididymides were collected and weighed. The epididymides were fixed in 4% PFA for 8-12 h at þ48C, dehydrated, embedded in paraffin, and sectioned at 3-5-lm thickness. The testes were fixed in Bouin solution (Sigma-Aldrich, St. Louis, MO) for 16-24 h at þ48C, dehydrated, embedded in paraffin, and sectioned at 3-5-lm thickness. Sections were stained with Harris hematoxylin and eosin (BDH Ltd, Poole, UK). For histological analyses, at least six mice per group were analyzed.
Serum Hormone Levels
Hormone measurements were carried out from serum samples. Testosterone (T) was measured from diethyl ether extracts using RIA [44] , and folliclestimulating hormone (FSH) and luteinizing hormone (LH) were measured by immunofluorometric assays as previously described [45, 46] .
RNA Isolation, RT-PCR, and qRT-PCR
To confirm loss of Crisp4 expression in KI mice, RNA was isolated from the caput epididymidis of 2-3-mo-old WT and KI mice. The tissues were snapfrozen in liquid nitrogen, and RNA was extracted with TRIsure reagent (Invitrogen) according to the manufacturer's protocol. One microgram of RNA was treated with RQ1 RNase-Free DNase (Promega). Thereafter, a single-step RT-PCR was performed using AMV reverse transcriptase (RT; Promega), RNasin Ribonuclease Inhibitor (Promega), and DyNAzyme II DNA polymerase (FinnZymes, Espoo, Finland) with primer pair F3-R3 (Fig. 1) . Actb expression was used as a control for RNA stability and loading. For analyzing iCre expression, whole epididymides were collected from 7-, 14-, 17-, 20-, 25-, 30-, and 40-day-old KI mice. Initial segment (IS), caput, corpus, and cauda were separately collected from adult KI mice, and the following male and female tissues were also collected from the KI mice: brain, prostate, liver, lung, spleen, heart, testis, white adipose tissue, vas deferens, small intestine, kidney, seminal vesicle, salivary gland, pituitary, adrenal gland, skeletal muscle, mammary gland, uterus, ovary, and thymus. RNA was extracted as described above, and 1 lg of RNA was treated with DNase I (amplification grade; Invitrogen). A two-step qRT-PCR was performed using DyNAmo HS qRT-PCR kit (FinnZymes) according to the manufacturer's instructions, using primers F6 and R6 for iCre expression (Table 1) . For all RT-PCR studies, at least three biological replicates from each tissue were included, all samples and standard curves were run in triplicates, and negative controls lacking the RT enzyme were included. The relative standard curve method was used to calculate the gene expression, and for iCre expression, Rpl19 levels were used for the normalization of gene expression.
Analyzing the Acrosome Reaction
For sperm analyses, the cauda epididymidis and vas deferens from adult WT and KI mice were dissected and incubated in 300 ll of HTF medium (William A. Cook Australia Pty. Ltd, Brisbane, Australia) at 378C, 5% CO 2 for 1 h, to allow the sperm to swim out. Sperm concentration was thereafter counted in a Bü rker hemocytometer chamber (Hawksley, Lancing, UK), and sperm morphology and motility were assessed visually. The acrosome reaction was induced in two separate experiments by adding either 10 lM calcium ionophore A23187 (Sigma-Aldrich) or 15 lM progesterone (Fluka Chemicals; SigmaAldrich) in DMSO to the media. The ionophore-induced samples were incubated for 15 min and the progesterone-induced samples for 2 h. The control spermatozoa were incubated in the same conditions without calcium ionophore or progesterone. The acrosomes were visualized by Coomassie brilliant blue staining as previously described [47] . The acrosome reactioninduced and -uninduced spermatozoa were collected and fixed in 4% PFA for 1-2 h at 48C. The sperm were then washed with 0.1 M ammonium acetate, pH 9.0, and centrifuged for 5 min at 1000 3 g, spread on microscope slides, and allowed to air-dry. The slides were washed by immersing in water, methanol, and water for 5 min each and stained in 0.22% Coomassie brilliant blue (Sigma-Aldrich) in 50% methanol and 10% acetic acid for 2 min. Finally, the slides were washed thoroughly in distilled water, mounted with Pertex Mounting Solution (Histolab, Göteborg, Sweden), and observed under microscope. From each sample, between 100 and 300 spermatozoa were counted. The spermatozoa were classified as acrosome intact when bright blue staining was observed in the dorsal region of the acrosome and as acrosome reacted when the staining was patchy or absent.
Analyzing Sperm Capacitation
Sperm capacitation was determined by assessment of protein tyrosine phosphorylation. Caudal sperm from 5 WT and 4 KI mice were incubated at 378C, 5% CO 2 , in capacitating conditions in Biggers-Whitten-Whittingham medium including 5 mg/ml BSA (Sigma-Aldrich), 1 mM dibutyryl cAMP (Sigma-Aldrich), and 1 mM pentoxifylline (Sigma-Aldrich) and collected after various time points. Approximately 10 6 sperm were collected, washed twice with PBS, and resuspended in Laemmli sample buffer [48] . The samples were incubated at room temperature (RT) for 5 min, boiled for 5 min, and centrifuged 3 min at 4000 3 g. The supernatants were collected and boiled for 5 min in the presence of 70 mM 2-b-mercaptoethanol. The solubilized proteins were separated on 10% polyacrylamide gel with 0.1% SDS and transferred to polyvinylidine fluoride membrane (GE Healthcare, Little Chalfont, UK). The membrane was blocked for 2 h at RT in TBS with 0.1% Tween20 (TBS-T) with 5% BSA and probed with a monoclonal antiphosphotyrosine antibody (Millipore, Billerica, MA; 1:5000) in blocking solution for overnight at 48C. Afterward, the membrane was washed in TBS-T and incubated with a peroxidase-conjugated anti-mouse secondary antibody (GE Healthcare; 1:5000) in blocking solution for 1 h at RT. Finally, the membrane was washed extensively, and the horseradish peroxidase was detected by using a chemiluminescence substrate (ECL plus Western blot detection system, GE Healthcare), visualized with LAS-4000 imaging system (FUJIFILM Holdings Corporation, Tokyo, Japan). To ensure equal sample loading, the membrane was stripped in a buffer containing 62.5 mM Tris-Cl, 2% SDS, and 100 mM 2-b-mercaptoethanol, pH 6.7, for 30 min at 508C; successively blocked; reprobed with tubulin-alpha ab-2 antibody (1:5000; Lab Vision, Fremont, CA); and detected as above.
Measuring Sperm-Oocyte Binding
Sperm-ZP binding assay was carried out by incubating approximately 40,000 sperms collected from 11 and 9 WT and KI mice, respectively, with 15-30 ZP-intact eggs in 30 ll of HTF medium (William A. Cook Australia Pty. Ltd) for 1 h at 378C, 5% CO 2 . Eggs were collected from superovulated C57BL/ 6N and FVB/N females and treated with hyaluronidase (0.6 mg/ml in FHM medium [Specialty Media, Phillipsburg, NJ]) to remove cumulus cells. After the gamete coincubation, the eggs were fixed briefly in 4% PFA and washed three times with fresh medium to remove loosely attached spermatozoa. The number of spermatozoa bound to the ZP was assessed by counting sperm heads from a single focal plane under microscope. Spermatozoa from 6-12 eggs per sample were counted, and bound sperm amounts were compared between WT and KI samples with the Mann-Whitney rank sum test.
In Vitro Fertilization
Spermatozoa were collected from seven and nine adult WT and KI mice, respectively, as described above. Eggs were collected from superovulated C57BL/6N and FVB/N females and treated with hyaluronidase (0.6 mg/ml in FHM medium [Specialty Media]) to remove cumulus cells. For ZP removal, the eggs were treated with acidic (pH 3.0) Tyrode solution (Specialty Media). In vitro fertilization (IVF) was performed in HTF medium (William A. Cook Australia Pty. Ltd). Both ZP-free and ZP-intact eggs were used in separate trials. For each group, 26-150 eggs and 50 000-500 000 sperm were used in each IVF trial. The number of oocytes fertilized was determined by analyzing the cleavage to two-cell-stage embryos the following day. The total percentage of WT and KI sperm fertilized ZP-free and ZP-intact eggs and the mean percentage of fertilized eggs for each individual male were calculated and compared between WT and KI in each treatment group.
Animal Handling
All animal handling was conducted in accordance with Finnish Animal Ethics Committee and the institutional animal care policies of the University of Turku, Finland, which fully meet the requirements as defined in the NIH Guide on animal experimentation. Crisp4 KI and age-matched WT control mice from mixed C57BL/6N-SV129 background were used throughout the study, except where otherwise noted. The animals were housed under controlled environmental conditions (12L:12D; temperature 21 6 18C) at the Central Animal Laboratory, University of Turku. Soy-free SDS RM3 (Special Diet Service, Whitman, Essex, UK) and tap water were available ad libitum.
Statistical Analyses
All statistical analyses were performed by using the SigmaPlot program (Systat Software Inc., Point Richmond, CA). Unless otherwise stated, all comparisons between different groups were made with Student t-test, and standard deviations are shown as error bars.
RESULTS
Generation of the Crisp4 iCre KI Mice
The Crisp4 coding sequence was disrupted by an insertion of the iCre recombinase expression cassette into the third exon, resulting in the loss of functional Crisp4 gene and expression of iCre under the Crisp4 promoter (Fig. 1A) . In addition to the conventional knockout (KO) technique where the target gene expression is lost, the KI approach also allows the transgene (iCre) to be expressed under the regulatory regions of the targeted gene (Crisp4). Correct targeting was confirmed in the ES cells by performing PCR reactions over the 5 0 -and 3 0 -homology arms of the targeting vector followed by sequencing of the PCR products (Fig. 1B and data not shown) . HE mice were genotyped by PCR (Fig. 1C) and bred with each other to obtain homozygous Crisp4 KI mice. Absence of the Crisp4 mRNA was confirmed by RT-PCR from caput epididymidis of adult KI mice using primers specific for exons 3 and 5 (Fig.  1D) . Subsequent mating of Crisp4 KI mice revealed that both homozygous males and homozygous females were fertile and produced litters comparable in size with those obtained from WT and HE matings ( Table 2 ). With the exception of the testes, all organs analyzed were normal in morphology, histology, and weight. The testis weights were found to be significantly lower (P , 0.01) in the KI mice (76 6 11 mg) as compared with the WT mice (103 6 22 mg) at the age of 3 mo. Correspondingly, the weights of the epididymides of KI mice (30 6 3 mg) tended to be smaller than in WT mice (35 6 6 mg) at the age of 3 mo, but the difference was not statistically significant. The testis weight difference remained significant (P , 0.05) also after normalization against body weight. Although the testis size was smaller, the histology of the testes was indistinguishable from the WT testes (data not shown). Similarly, no difference in epididymal histology between the KI and WT males was observed (data not shown). Because of the smaller testis weights, we also estimated the number of spermatozoa produced by measuring the sperm concentration in the cauda epididymidis. The analysis revealed that there was no significant difference in the average amount of sperm between WT (22.4 6 14.3 3 10 6 /ml) and KI (32.3 6 18.2 3 10 6 /ml) mice. The morphology and motility of the spermatozoa was also normal (data not shown).
iCre Expression and Cre Recombinase Activity Expression of iCre was studied with qRT-PCR to confirm the specificity of expression in the epididymis. The highest levels of expression were measured in the IS and caput epididymidis, with the expression in the IS being twofold higher than in the caput. The corpus also showed considerable expression, while expression in the cauda was only barely detectable. A signal close to the background was also detected from the testis, skeletal muscle, lung, brain, and vas deferens ( Fig. 2A) . During postnatal development, the expression of iCre was first detected in the whole epididymis at Day 20, and the expression was progressively increased on aging (Fig. 2B) . To assess the function of the iCre recombinase in vivo, the KI mice were crossed with the Z/RED reporter mice and with the Runx1-fl mice. The recombinase activity in the principal cells of proximal epididymis was confirmed by detecting red fluorescence signal in whole tissues and tissue sections of the Crisp4 (Fig. 2C) . No fluorescence signal was detected from control epididymides of Crisp4
/Z/RED À mice (data not shown). The recombination event was also assessed by PCR from genomic DNA extracted from epididymides of 17-, 20-, 30-, and 40-day-old Crisp4
þ/fl mice and from testis, seminal vesicles, vas deferens, lung, brain, spleen, skeletal muscle, and thymus of 40-day-old mice. The recombined Runx1 allele was first detected in the proximal epididymis at the age of 20 days, whereas the recombined allele was not detected in any other tissues studied (Fig. 2, D and E, and data not shown) . 
Serum Hormone Levels
The smaller size of Crisp4 KI testes warranted us to study the hormonal levels of the mice. The T, FSH, and LH levels were measured from sera of at least seven adult (2-4-mo-old) WT and KI male mice. No statistically significant differences were detected between WT and KI mice for T (0.52 6 0.41 and 0.59 6 1.1 ng/ml), FSH (5.7 6 2.6 and 4.0 6 1.8 ng/ml), or LH (0.10 6 0.07 and 0.31 6 0.34 ng/ml).
In Vitro Fertilization
In order to analyze the role of CRISP4 in the sperm-oocyte interactions, we performed IVF with the WT and KI sperm. Both intact and ZP-free eggs were included in the IVF assay, and the percentages of eggs fertilized by sperm obtained from WT and KI males were compared. The ability of the KI sperm to fertilize ZP-intact eggs was significantly poorer than that of the WT sperm (P , 0.001), whereas no difference was detected between WT and KI sperms when the eggs were ZP free. The WT sperm fertilized 58.2 6 26.1% and 79.2 6 23.8% of the intact and ZP-free eggs, respectively, while the KI sperm fertilized 11.2 6 4.6% and 80.9 6 11.9% of the intact and ZPfree eggs, respectively (Fig. 3A) . Similarly, the sperm binding assay revealed a significant (P , 0.05) decrease in the amount of KI spermatozoa bound to eggs after gamete coincubation as compared with WT spermatozoa; on average, 18.0 6 13.1 WT and 14.5 6 13.2 KI spermatozoa were bound per egg (Fig.  3B) . Furthermore, 25% of the eggs (22/88) incubated with KI sperm had no bound spermatozoa, whereas all 109 eggs incubated with WT sperm had at least one spermatozoa attached. However, there was a high variation in the sperm binding properties between the KI mice, and six of nine KI mice studied presented with sperm binding properties comparable to WT mice.
Sperm Analyses
Sperm functionality was assayed by analyzing their ability to undergo the acrosome reaction and capacitation reaction. The acrosome reaction was induced by incubating the spermatozoa in the presence of 10 lM calcium ionophore or 15 lM progesterone. The data revealed that the ratios of acrosome-reacted and intact spermatozoa were identical between ionophore induced and also between uninduced WT and KI samples (Fig. 4A) . However, a significant (P ¼ 0.001) reduction in the percentage of acrosome-reacted KI spermatozoa as compared with WT spermatozoa was detected when induced with progesterone (Fig. 4B) . Visual observation of sperm movement and protein tyrosine phosphorylation analysis revealed no major differences in sperm capacitation between WT and KI samples (Fig. 4C and data not shown) .
DISCUSSION
CRISP1 and CRISP2 have been linked to sperm-egg interactions in several studies (for a review, see Cohen et al. [29] ), and gene expression and protein localization data suggest a role for CRISP4 in fertilization as well [5, 6] . We have generated Crisp4-deficient mice to study the role of CRISP4 in posttesticular sperm maturation and sperm-egg binding. For this purpose, the Crisp4 locus was modified to express the iCre recombinase coding gene, creating a dual-purpose mouse line. 
CHARACTERIZATION OF Crisp4 iCre KNOCK-IN MOUSE
The HE animals can be used for iCre expression under the Crisp4 promoter, and the KI mice serve as a Crisp4-deficient mouse model. Thus, while providing us with information on the relevance of CRISP4 in male reproduction, this mouse line can also be used to delete floxed alleles of genes of interest predominantly in the epididymis.
Crisp4 has been shown to be expressed predominantly in the epididymis [5, 6] , and we chose to create an iCre KI mouse model to be used as an epididymal iCre-expressing mouse line. During the course of this study, Crisp4 expression was also detected at low levels in other mouse tissues, including thymus, spleen, and skeletal muscle [25] . In addition to the epididymis, our qRT-PCR indicated minor iCre expression in the testis, skeletal muscle, lung, brain, and vas deferens. However, studies with Cre-excision reporter mouse lines indicated that the iCre protein is expressed at levels sufficient for initiating the recombination event in vivo only in the epididymis. In the proximal epididymis, the expression of iCre and the Cremediated recombination were first detected at Postnatal Day 20. The slightly earlier expression of iCre as compared to the endogenous Crisp4 expression [5] and the minor differences in the tissue distribution detected for the iCre expression and the endogenous Crisp4 expression [5, 6, 25] is likely due to the use of different mouse strains and differences in sensitivities in the methods used to detect gene expression. The transcriptional regulation of the altered KI locus might also have been slightly changed. All together, these data confirm that the iCre expression pattern is very similar to that of endogenous Crisp4, and the Crisp4 KI mice can be used to induce Cremediated recombination predominantly in the mouse epididymis. Although Crisp4 expression has also been reported in the testis, seminal vesicle, spleen, skeletal muscle, and thymus, no Cre-recombinase activity in these tissues was detected.
Both male and female KI mice were healthy and fertile and produced litters comparable in size to those of WT and HE mice. Although the KI mice had smaller testes than the WT mice, no differences in serum hormone levels, caudal sperm concentrations, or testis histology were detected, and therefore this anomaly was not further studied. Furthermore, testicular defects were not described in the other recently published Crisp4-deficient mouse line [49] , and thus it is evident that the loss of CRISP4 does not impair the fertility of the mice in vivo. This was not surprising considering that the loss of mouse CRISP1, one of the most abundant proteins in the epididymal luminal fluid, affected the in vivo fertility of the mice [12] . However, CRISP1 has been suggested to have a role in sperm-
FIG. 4. Functional studies on sperm.
A) The percentages of acrosome-reacted WT and Crisp4 KI spermatozoa induced with calcium ionophore and uninduced controls. n ¼ 10. B) The percentages of acrosome-reacted WT and Crisp4 KI spermatozoa induced with progesterone and uninduced controls. ***P ¼ 0.001, n ¼ 4. C) A representative Western blot from proteins extracted from WT and Crisp4 KI spermatozoa after 0-and 90-min incubation in capacitating conditions. Proteins were extracted from approximately 0.5 3 10 6 spermatozoa, and the membrane was incubated in the presence of antiphosphotyrosine antibody (top), and antitubulin ab-2 antibody (bottom) was used as a loading control. ZP binding [11] , and IVF studies with sperm from the Crisp1 KO mice have further confirmed this [12] . Interestingly, we detected an 80% decrease in the fertilizing rate of the Crisp4 KI sperm in vitro as compared with the WT spermatozoa, whereas the removal of the ZP restored the fertilizing capability of the KI sperms. The normal fertility in vivo of the KI mice reflect the fact that significant alterations in the sperm function are well tolerated to guarantee reproductive capacity. Accordingly, it has been estimated that sperm count should be reduced to below 10% of normal to have a clear impact on fertility in mice [50] , and several genetically modified mouse models with reduced sperm count present with normal fertility [51] [52] [53] [54] [55] . More detailed analyses on the functionality of the KI spermatozoa revealed no differences in capacitation as compared with the WT spermatozoa, but the KI spermatozoa were not able to undergo the acrosome reaction normally on induction with progesterone. Interestingly, however, similar percentages of acrosome-reacted spermatozoa were detected when calcium ionophore was used for induction. The calcium ionophore allows Ca 2þ to cross the cellular membranes in an ion channel-independent manner. The data thus indicate that CRISP4 regulates the acrosome reaction by affecting the ion transport while not affecting the successive stages after the Ca 2þ influx has occurred. These data support the recent observations on CRISP4 as an inhibitor of the transient receptor potential (TRP) ion channel TRPM8 [49] and also provide an explanation to the poor ability of the KI spermatozoa to fertilize ZP-intact oocytes.
The functional homology between CRISP1 and CRISP4 has been suggested due to partially overlapping expression patterns and sequence identities [5, 6] . Similar results obtained in IVF studies ([12] and present study) also suggest that both proteins are involved in sperm-ZP interactions. However, the fertilization potential of Crisp4 KI sperm was regained after removal of ZP, whereas ZP removal had no effect in the IVF carried out with Crisp1 KO sperms [12] . In addition, in the 12 amino-acidlong S2 (signature 2) region identified to be responsible for egg binding of CRISP1 [56] , CRISP1 and CRISP4 present with only 66% (8/12 amino acids) identity. This suggests a different mechanism for the two proteins in their egg binding. All together, the findings warrant further studies with double-KO mice deficient in both Crisp1 and Crisp4 to clarify the extent of functional redundancy between CRISP1 and CRISP4 and to increase the knowledge on the details of sperm-ZP interaction. As both mouse CRISP1 and CRISP4 have been suggested to be functional homologues of human CRISP1 [5, 6] , the potential relevance of CRISPs in human reproduction is also of interest.
In conclusion, we have generated Crisp4 iCre KI mice. The loss of CRISP4 resulted in a deficiency of the sperm to fertilize ZP-intact eggs in IVF conditions, although their fertilizing ability was normal with ZP-free eggs. Also, the KI spermatozoa presented a reduced capability to undergo the acrosome reaction on progesterone induction, indicating that CRISP4 participates in ion transport. However, no effect in fertility was observed in mating, suggesting compensatory mechanisms. Furthermore, despite reports of Crisp4 expression in nonreproductive tissues, the mouse line created presents with an iCre recombinase activity predominantly in the epididymis.
